Background: Effects and duration of commonly used protocols for cobalamin (Cbl) supplementation on cellular Cbl deficiency have not been determined in hypocobalaminemic cats.
C obalamin (Cbl), also known as vitamin B12, is a water-soluble B-group vitamin and an essential cofactor for nucleic acid synthesis and hematopoiesis. Its absorption requires binding proteins and specific receptors along various parts of the gastrointestinal tract, 1 and gastrointestinal disease can lead to Cbl deficiency. In cell metabolism, Cbl is needed as a cofactor for the conversion of methylmalonyl-CoA to succinylCoA via methylmalonyl-CoA mutase and for remethylation of homocysteine via methionine synthase. In humans, Cbl deficiency causes a reduction in activity of both of these enzymes, resulting in increases in methylmalonic acid (MMA) and total homocysteine concentrations. Measurement of these metabolites allows assessment of availability of Cbl for cells and is the test of choice to detect Cbl deficiency. 2 MMA is often the preferred marker when monitoring responses to Cbl supplementation because homocysteine analysis usually requires special pre-analytical procedures and concentrations can be influenced by lifestyle factors. [2] [3] [4] [5] In cats, undetectable or subnormal Cbl concentrations can also be associated with increased MMA concentrations, but do not correlate with increased homocysteine concentrations. [6] [7] [8] [9] Although it is not known when depletion of cellular Cbl stores and increases in MMA levels begin in the course of subnormal serum Cbl concentrations, MMA is currently considered the best indicator of Cbl status in cats. [7] [8] [9] Studies examining biochemical Cbl deficiency in cats have focused on serum MMA concentration, [7] [8] [9] [10] [11] and urine MMA concentration has been only sporadically reported. 6, [12] [13] [14] In humans, a linear relationship exists between serum and urine MMA concentrations. 15 In veterinary medicine, comparisons between serum and urine MMA concentrations are lacking.
Parenteral administration of Cbl to cats with subnormal Cbl values is currently considered a routine therapeutic procedure, 7, 9, 11, 16 and various doses and dose frequencies have been described. It was initially recommended that cats with subnormal Cbl absorption receive 1,000 lg Cbl parenterally every 2 weeks. 6 A more recent supplementation regime suggested 250 lg cyanocobalamin administered parenterally once weekly, for 6 weeks, followed by one dose every 2 weeks, for 6 weeks, and then one dose monthly. 17 To our knowledge, the only study that has evaluated the biochemical response to Cbl supplementation used cats with severe hypocobalaminemia (<74 pmol/L; lower limit of the reference range: 214 pmol/L). 11 Those cats received 250 lg cyanocobalamin parenterally, once weekly, for 4 weeks, and serum Cbl concentration markedly increased and serum MMA concentration significantly decreased after treatment. 11 The most current Cbl supplementation regimen suggests parenteral administration of Cbl, 250 lg once weekly, for 6 weeks, followed by a dose 30 days later and determination of Cbl concentration 30 days after the last injection.
a However, recommendations beyond 4 weeks are empirical and based only on clinical experience. Therefore, the aims of our study were (1) to prospectively evaluate the serum concentrations of Cbl and MMA and the urine concentration of MMA in cats with hypocobalaminemia and clinical signs of gastrointestinal disease before, during, and 4 and 10 weeks after parenteral cyanocobalamin supplementation, once weekly, for 6 weeks, (2) to assess the clinical benefits during and up to 10 weeks after Cbl supplementation, and (3) to determine the correlations between serum Cbl concentration and serum and urine MMA concentrations.
Materials and Methods

Animals and Study Design
This was a prospective study conducted at the Clinic for Small Animal Internal Medicine, Vetsuisse Faculty, University of Zurich, between December 2012 and September 2016. Cats were enrolled in the study based on the following criteria: a history of one or more clinical signs compatible with gastrointestinal disease, which included diarrhea, vomiting, weight loss, and anorexia; a serum Cbl concentration below the reference range (225-1,451 pmol/L) 18 ; and informed owner consent. Concurrent disease was not considered an exclusion criterion if patients exhibited ultrasonographic evidence of a chronic enteropathy (generalized thickening of the muscularis layer of the small intestines) 19, 20 in addition to the above-mentioned clinical signs. Based on previous guidelines, 17 all cats were supplemented with cyanocobalamin b 250 lg once weekly IM, for 6 weeks. Baseline samples of serum and urine were collected immediately before the first Cbl injection (t0) and immediately frozen at -20°C for later measurement of MMA concentration. Serum and urine samples were collected directly before the 6th Cbl injection (t6) and 4 (t10) and 10 (t16) weeks after the 6th Cbl injection for measurement of serum Cbl concentration. Aliquots were directly frozen at À20°C for later analysis of serum and urine MMA concentrations. All stored samples for MMA measurements were shipped on dry ice to the laboratory, and shipping time did not exceed 15 minutes.
To repeatedly assess the clinical status of cats undergoing Cbl supplementation, anamnestic and clinical findings from each time point (t0-t6, 6 Cbl injection appointments; t10, 4 weeks after the 6th injection; t16, 10 weeks after the 6th injection) were summarized and expressed as a clinical disease activity score, which ranged from 0 to 15. This score was based on the clinical signs used in the feline chronic enteropathy activity index and included level of activity, appetite, weight loss, vomiting, and diarrhea (Table 1) . 21 The degree of severity for each clinical sign was scored as normal (0 points), mild (1 point), moderate (2 points), or severe (3 points). The study was approved by the Cantonal Veterinary Office of Zurich and conducted in accordance with guidelines established by the Animal Welfare Act of Switzerland (permission no. 211/2012).
Analyses
Serum Cbl concentration was measured with an automated competitive binding chemiluminescence assay.
c The intra-and interassay CVs of the Cbl assay were 2.1% and 3.4%, respectively. The reference range for serum Cbl was set at 225-1,452 pmol/L. 18 Undetectable Cbl concentrations at inclusion (<111 pmol/L) were truncated to 111 pmol/L for statistical analysis.
All serum and urine MMA levels were analyzed in the Division of Clinical Chemistry of the University Children's Hospital Zurich according to accredited methods. In brief, the samples were supplemented with an internal standard and precipitated, and analysis was performed by liquid chromatography-tandem mass spectrometry on an Ultimate 3000 XRS UHPLC system d with a SCIEX5500 mass spectrometer e by multiple reaction monitoring. The lower limit of quantification for this method was 25 nmol/L in serum and 651 nmol/L in urine. Results for MMA in urine were expressed as mmol MMA per mol creatinine. Creatinine concentrations were determined by a kinetic Jaffe method on a DxC600 clinical chemistry analyzer f using commercial reagents. The interassay CVs of the analyses were 5.8% for MMA in serum and urine and 2.7% for creatinine in urine.
The reference ranges for MMA in serum and urine in cats were determined as 2.5 to 97.5 percentile of the measurements from 21 clinically healthy cats with normal routine laboratory results and normal serum Cbl concentrations. These reference ranges were 0.12-0.42 lmol/L and 0.22-0.51 mmol/mol creatinine for serum and urine concentrations of MMA, respectively.
Statistical Analysis
A Friedman test followed by a Nemenyi post hoc test was conducted to compare the effect of time on the repeated measures of serum Cbl, serum MMA, and urine MMA values measured at the four time points t0, t6, t10, and t16. A Friedman test was also used to assess changes over time in the clinical disease activity scores (t0-t16). Instead of a post hoc analysis, a second-order polynomial model was fitted to the clinical disease activity scores to represent the trend over time. A second-order polynomial model was fitted to 
Results
Animals
Serum concentration of Cbl was measured in 543 cats during the study period, and the results of 201 (37%) were below the reference range. Although the owners of 48 cats were willing to participate in the study, only the results of 20 cats were complete and fulfilled the inclusion criteria. Cats were excluded when serum and/or urine samples were missing from different time points or when the Cbl supplementation regimen was not carried out according to the study design. 
Clinicopathologic Evaluation
After obtaining a clinical history, all cats underwent a physical examination and laboratory testing including a CBC, serum biochemistry panel, and urinalysis. Serum thyroxine concentration was measured in 18 cats, and four cats were diagnosed with hyperthyroidism. All cats were evaluated for pancreatitis by the DGGRlipase activity assay; 22 4 of 20 cats had minimally elevated values (28, 32, 32 , and 34 U/L; reference range, 8-26 U/L) with unclear significance, and one cat had a value of 73 U/L, which was considered diagnostic for pancreatitis. 23 Serum trypsinogen-like immunoreactivity (fTLI) i was measured in all 20 cats, and none had values that were diagnostic (<8 lg/L) or suspicious (8-12 lg/L) of exocrine pancreatic insufficiency. All cats had been routinely dewormed (16/20) or had negative fecal analysis results (4/20) .
Abdominal ultrasonography carried out in 17 of 20 cats at the time of presentation showed abnormal intestinal findings in 15. Diffuse thickening of the muscularis layer of the small intestines was seen in 11, mesenteric lymphadenopathy in 10, and generalized hyperechoicity of the mucosal layer of the small intestines in 3 of the 15 cats. Histologic examination of the intestines was performed in nine cats after collection of full-thickness biopsy specimens during surgery (4), endoscopic biopsy specimens (3), and specimens during postmortem examination (4).
Definitive and Tentative Diagnoses
A definitive diagnosis of gastrointestinal tract disease was available in 9 of 20 cats and comprised inflammatory enteropathy (4), intestinal lymphoma (4; three small cell and one large cell lymphoma), and pancreatitis (1). Chronic enteropathy was strongly suspected in the 11 remaining cats based on clinical signs, low serum Cbl concentration, and compatible ultrasonographic features of the intestines, but was not confirmed histologically. Concurrent hyperthyroidism was diagnosed in four cats (three suspected of having enteropathy, one with inflammatory enteropathy confirmed on histologic examination). The four cats with concurrent hyperthyroidism also had biochemical evidence of Cbl deficiency with increased serum MMA concentration in all cats (median 75. 
Concentrations of Serum Cbl, Serum MMA, and
Urine MMA Serum Cbl concentration (Fig 1) differed significantly over time (v 2 44.68, P < 0.001). There was a significant increase (P < 0.01) in the median serum Cbl concentration from 111 pmol/L (range, 111-212) at t0 to 2332.5 pmol/L (range, 123-22,730) at t6, followed by a nonsignificant (P = 0.49) decrease at t10 (median, 610.5 pmol/L, range, 111-2,527) and a significant decrease (P < 0.01) 10 weeks after the end of supplementation (t16; median, 180.5 pmol/L, range, 111-2,262). At t6, serum Cbl concentrations had normalized in 19 of 20 cats. At t10 and t16, serum Cbl concentration remained within the reference range in 16 of 20 (80%) and 9 of 20 (45%) cats, respectively.
In the cat with laboratory abnormalities at t0 consistent with pancreatitis (DGGR-lipase Median urine MMA (Fig 3) values at t0 were 1.215 mmol/mol creatinine (range, 0.08-544). Eight of 20 cats had a baseline urine MMA concentration (median 0.15 mmol/mol creatinine, range 0.08-0.42) within the reference range. Urine MMA concentrations decreased in a similar fashion to serum MMA concentration after Cbl supplementation at t6 (0.33 mmol/ mol creatinine; range, 0.12-1.9) and t10 (0.32 mmol/ mol creatinine; range, 0.11-3.88). Fourteen of 20 (70%) cats had normalized urine MMA values at t6, and 12 of 20 (60%) cats had normalized urine MMA values at t10. Urine MMA values appeared to increase again at t16 (0.65 mmol/mol creatinine; range, 0.13-4.39) with only 8 of 20 (40%) cats remaining in the reference range. However, these changes did not achieve significance.
None of the cats with increased serum or urine MMA values at t6 had normal baseline serum or urine MMA values. There was a significant negative correlation between the concentrations of serum Cbl and urine MMA (Rho À0.48, P < 0.001) and a significant negative correlation between the concentrations of serum Cbl and serum MMA (Rho À0.31, P < 0.05). There was no significant association between serum and urine MMA values.
Clinical Signs
The median clinical disease activity score at baseline (t0) was 4 (range, 1-11). The clinical disease activity scores (Fig 4) differed significantly over time (v 2 22.41, P < 0.001). A polynomial regression was fitted to visually represent the trend over time (R2 0.30, P < 0.001). The trend line reflected a decrease in clinical disease activity over and after the course of treatment (t0-t16) with the lowest values at t4 and t5, after which time (discontinuation of Cbl supplementation) the values increased again.
Discussion
In 19 of 20 cats with Cbl deficiency and signs of gastrointestinal disease, parenteral supplementation of Cbl, 250 lg once weekly IM, for 6 weeks, led to a significant increase in serum Cbl concentrations followed by a decrease at 4 and 10 weeks after the last injection. The serum Cbl concentration at t16 was significantly lower than at t6. The median concentration of MMA, which is considered a marker of cellular Cbl deficiency, decreased during the 6-week period of Cbl supplementation, but the decrease was only significant for serum MMA levels. There was a trend for a rebound in the median concentrations of urine and serum MMA. This might also have achieved statistical significance if the cats had been followed for longer than 10 weeks after their final Cbl injection. A progressive decrease in the clinical disease activity score was seen during the period of Cbl supplementation, but values increased again after the last Cbl injection.
To our knowledge, longer-term evaluation of the Cbl status of cats that have received 6 weeks of Cbl supplementation has not been reported and was therefore a point of interest in the present study. Our data indicate that once Cbl supplementation is discontinued in cats with chronic enteropathy, the concentration of serum Cbl decreases and that of MMA increases, both of which indicate that Cbl supplementation might be necessary for longer periods in cats with Cbl deficiency. Very likely, the Cbl deficiency cannot be "fixed" without also resolving its underlying cause. Unfortunately, at present it is unknown how best to determine whether the underlying gastrointestinal disease has been controlled or resolved.
In the context of the present results, it is interesting to note that the currently advocated Cbl supplementation protocol a of 6 weekly injections (250 lg/dose), followed by one dose a month later, and retesting 1 month after the last dose seems to be designed with a consideration for repeat testing in mind. Even if evidence is currently lacking for this recommendation, the clinical experience of the authors must have been similar to our findings in this study.
The decrease in serum Cbl concentration seen after discontinuation of Cbl supplementation might have been associated with insufficient cellular Cbl uptake, insufficient deposition of the vitamin, or both. This seems particularly likely considering that serum Cbl values were increased in the face of persistently elevated MMA concentrations at t6 in more than half of the cats. Information on cellular uptake, storage, and release of Cbl in cats appears to be lacking. It has been speculated that after absorption of Cbl in the ileum, the vitamin is bound to transcobalamin, enters the enterohepatic circulation, and is partially excreted in bile, similar to what has been shown in dogs. 6 If that is the case, ongoing disease processes such as inflammatory enteropathy or lymphoma of the small intestines could interfere with renewed absorption of biliary Cbl. Another unknown variable is the saturation capacity of Cbl transport proteins. The unsaturated Cbl-binding capacity of plasma proteins may be exceeded when large doses of Cbl are administered, and unbound Cbl is lost via glomerular filtration. Adequate cellular uptake of Cbl is required for the production activity of methylmalonyl-CoA mutase, a Cbl-dependent enzyme located intracellularly. This in turn depends on adequate binding of Cbl to transport proteins in plasma. In humans, plasma Cbl is bound to 2 proteins, transcobalamin and haptocorrin (also referred to as transcobalamin II and I). Transcobalamin carries approximately one quarter of the circulating Cbl, and only about 10% of the protein is saturated with Cbl. 25 Importantly, only Cbl bound to transcobalamin (holotranscobalamin) is available to cells. Haptocorrin is an almost fully saturated Cbl-binding glycoprotein of unknown function that carries the major part of circulating Cbl. 25 It has been shown in humans that prolonged loading with Cbl results in a change in the total Cbl concentration but not in the concentration of holotranscobalamin. 26 Based on the results of the present study, it is tempting to speculate that the same holds true for cats. Unfortunately, very little is known about Cbl-binding proteins in cats, 27 and relevant studies have not been carried out. In addition, the precise Cbl requirements of cats are not known. Experimental studies using radio-labeled Cbl in dogs showed that the fraction of Cobalt-labeled Cbl stored in the liver after each dose given parenterally was highest when small doses were injected. 28 Repeated small doses of Cbl might also be needed in cats to load the liver more efficiently. Interestingly, in a study on the effects of a Cbl-deficient diet in cats, urinary excretion of MMA normalized in Cbl-deficient cats when they were given 10 lg cyanocobalamin per day parenterally. 13 This dose is considerably less than the one used in the present study. Our serum MMA results at t6 could indicate that either the dose or the dose frequency was insufficient to normalize Cbl at a cellular level.
A persistent increase in serum MMA concentration despite normalization of serum Cbl concentration has been described, albeit in only 1 of 19 cats that received parenteral Cbl supplementation at 250 lg once weekly, for 4 weeks. 11 Although the number of cats with increased MMA values after discontinuation of Cbl supplementation was not reported, the study concluded that 250 lg of parenterally administered Cbl once weekly, for 4 weeks, was adequate to restore normal Cbl-dependent metabolism in many cats with hypocobalaminemia. ). These differences were particularly interesting considering that both studies used similar reference ranges for serum MMA concentration (0.1-0.4 lmol/L and 0.36-0.53 lmol/L 11 ). Variances in preanalytical handling of samples (storage and shipment) seem unlikely to account for major differences between the two studies because serum MMA was recently shown to be stable for up to 1 week when stored at room temperature without protection from light. 29 The severity of disease, however, might have played a role because weight loss was the major presenting complaint in 19 of 20 cats in our study but in only 4 of 19 cats in the other study. 11 The point at which cellular Cbl deficiency begins to develop is unknown. This could have contributed to the only modest correlations between Cbl and MMA in our study. A weak correlation between serum Cbl and serum MMA was also found in 1 other study. 9 Until now, studies in cats indicate that serum Cbl concentrations can fall well below the reference range before metabolic biomarkers of deficiency begin to rise. 7, 8, 11 In addition, cats can already have evidence of Cbl deficiency, whereas serum Cbl values remain within the reference range. 9 A recent study showed that the best serum Cbl concentration cutoff (118 pmol/L) for predicting elevated serum MMA concentration had a sensitivity of only 74% and a specificity of 80%. 7 It was surprising to find no correlation between serum and urine MMA concentrations. At t6, biochemical evidence of Cbl deficiency was still present in 12 cats based on serum MMA concentration, but in only six cats based on urine MMA concentration. Renal impairment cannot be excluded as a cause for this discrepancy because markers of glomerular filtration rate were not routinely monitored. Human patients with impaired renal function, based on elevated plasma cystatin C values, had significantly lower urine MMA-to-creatinine ratios than patients with normal plasma cystatin concentrations. 30 However, this difference was very small, and only two cats in our study were mildly azotemic. Moreover, a recent study in cats found no correlation between the concentrations of serum creatinine and serum MMA. 9 Because of the thin nature of cats with intestinal disease and Cbl deficiency, future studies would ideally assess whether serum SDMA and MMA correlate better than creatinine and MMA.
Although there are no data on renal clearance of circulating MMA in cats, it has been shown that urinary excretion of serum MMA relative to that of creatinine was <1 in human patients. 15, [31] [32] [33] It was proposed that an unknown percentage of serum MMA is not excreted by the kidney, but instead is metabolized via unknown pathways. [31] [32] [33] If this theory is valid and applicable to cats, individual differences in metabolism might have affected urinary excretion of MMA, which would explain the discrepancy in serum and urine MMA concentrations. However, further studies are needed to solve this dilemma.
Our data are in agreement with the findings of another study, 11 which concluded that cats with hypocobalaminemia benefit clinically from Cbl supplementation. However, it remains inherently difficult to accurately assess the magnitude of this beneficial effect because of other factors, which include the presence of underlying diseases, the absence of a definitive diagnosis, the severity of concurrent disease, and the effect of individual treatments. Determining the beneficial effects of Cbl supplementation can be particularly difficult in a population with varying severities of cellular Cbl deficiency. It was shown that human patients with Cbl deficiency and only mild (0.4-0.59 lmol/L) to moderate (0.6-2.0 lmol/L) increases in plasma MMA concentration benefited only minimally from Cbl supplementation. 34 Despite these confounding factors, the clinical signs of cats in the present study appeared to worsen again after the last Cbl injection, and concentrations of serum Cbl decreased whereas those of MMA increased (Fig 4) .
It has recently been shown that hypocobalaminemia in cats with hyperthyroidism, in which underlying gastrointestinal disease is unlikely, is not a functional deficiency requiring supplementation. 10 In contrast, all four hyperthyroid cats in the present study also had biochemical evidence of Cbl deficiency. This difference probably is a reflection of variances in inclusion criteria; we deliberately aimed to select cats with gastrointestinal disease, whereas the other study excluded cats suspected of having or diagnosed with gastrointestinal disease.
10
Our study had some limitations. One limitation was the inclusion of cats with more than one clearly defined disease process as well as with different stages and severity of disease. Furthermore, the magnitude of cellular Cbl depletion varied among cats, and MMA values were not immediately available at enrollment, hindering establishment of a more homogeneous population. Moreover, the dosage regimen for Cbl supplementation differed from currently advocated regimens in that it did not include additional Cbl injections after the recommended 6-week period a . Individualized Cbl dosage schedules might prove more effective for Cbl supplementation, and normalization of MMA levels. However, we predicted that a prolonged study design (ie, determination of MMA concentrations after the currently recommended extended dosage scheme) would have led to an even higher number of dropouts. Lastly, our population size was relatively small, which meant that a few outliers could have had profound effects on the statistical analysis. It took almost 4 years to be able to include 20 cats in the present study, which underlines the degree of difficulty in obtaining a larger population size. Measurement of the postsupplementation serum Cbl concentration was taken at the time of the 6th injection appointment to spare owners an additional visit to our hospital. The immediate postsupplementation values in our study (t6) therefore reflect the effects of five Cbl 250 lg injections, whereas the results of the follow-up measurements reflect the effect of six Cbl 250 lg injections.
In conclusion, our findings showed that cats with hypocobalaminemia benefit from Cbl supplementation once weekly, for 6 weeks, but the beneficial effects appear to be of relatively short duration. Although improvements in serum Cbl concentration and biomarkers of Cbl status can be achieved after parenteral Cbl supplementation, once a week, for 6 weeks, this dosage regimen led to correction of metabolic Cbl deficiency in only a subset of cats. Based on the results of our study, follow up measurement of Cbl or serum MMA levels appear indicated to determine if Cbl supplementation should be continued and additional prospective studies need to be conducted to establish whether or not cats ever resolve their need for supplementation. 
Footnotes
